Abstract Plant pathologists have traditionally worked in the area of clarifying and understanding the disease cycles of specific diseases, factors influencing epidemiology, yield loss potential and host-pathogen interactions in order to be able to minimise the disease risk, build warning systems or recommend specific control thresholds in relation to the application of fungicides. The decision support system Crop Protection Online (CPO) is an example of a threshold-based system that determines economically viable fungicide strategies. The system is based on using appropriate doses aimed at minimising the overall pesticide input. CPO is used widely by advisors and many of the thresholds are generally accepted and disseminated through newsletters. The national figures for the use of fungicides in cereals have shown a major reduction during the last 20 years and their use today is much in line with the level that can be achieved from using CPO as indicated from validation trials. The number of end-users among farmers has been stable at around 3% during the last 10 years (800-1,000 farmers). Major hurdles in increasing the number of users are believed to be: (1) the requirements for carrying out assessments in the field, (2) farm sizes getting larger, leaving less time for decision making for individual fields, (3) lack of economic incentives to change from standard treatments, (4) the failure of decision support systems to interact with other computer-based programmes on the farm, (5) the lack of compatibility of decision support systems with farmers' ways of making decisions on crop protection in general, (6) the need for direct interactions with advisors. A sociological investigation into the farmers' way of making decisions in the area of crop protection has shown that arable farmers can be divided into three major groups: (a) systems-orientated farmers, (b) experienced-based farmers and (c) advisory-orientated farmers. The information required by these three groups is different and has to be looked at individually from the end-user's perspective rather than from the scientist's perspective. New ways of entering the decision support system where specific Eur J Plant Pathol (2008) 
Introduction
Legislation and limitations have been imposed on the use of pesticides in many countries in northern Europe for the last 20-25 years. Based on these national action plans, it has become important to encourage a low pesticide input strategy. Similar proposals to eliminate unnecessary use are also stated in the EU's Thematic Strategy on the Sustainable Use of Pesticides (Anonymous 2006b ). In order to eliminate unnecessary use of fungicides, precise knowledge of the disease risk of an epidemic at field level is essential. In order to achieve this, it is very important to provide farmers with simple and robust methodologies to assess disease occurrence or risk in order to judge whether fungicides should be applied (Hansen et al. 1994; Jørgensen et al. 1996; Verret et al. 2000) .
The development of thresholds, models and decision support systems (DSS) to farmers and advisors covering this need started in the late 1980s. EPIPRE was one of the first systems to be developed (Zadoks 1983) . Several other systems have been developed since and new systems are still entering the field today (Röhrig 2006) . Among the systems that have been on the market for the longest time are Pro_Plant and Crop Protection Online (CPO); both systems are today Internet-based Volk et al. 2003) .
More specifically, the Danish DSS CPO is a threshold-based system that determines economically viable strategies for control of diseases, pests and weeds using low pesticide input (Secher et al. 1995; Rydahl 2003) . The system is designed to support advisors and farmers when they make decisions about crop protection in arable crops. CPO consists of three parts: (1) encyclopaedic information on pests, diseases and weeds, (2) recommendations for control of pests and diseases of cereals and (3) recommendations for control of weeds in the major crops grown in Denmark. The models focus on optimising the input and minimising the cost of controlling a given problem seen in the field. Calculation of the optimal pesticide dose is therefore an important output. Focus on control strategies on diseases has been not only to look for the best disease control but also to optimise net yield rather than gross yield . CPO is part of Planteinfo (http://www.Planteinfo.dk), which, among other things, features access to climate data, a pesticide database and a cultivar database covering the major crops grown in Denmark.
Based on field trial studies, CPO has shown a significant potential for reducing the use of herbicides in particular compared to the common spraying practice. Due to the proven reduction potential, there has been a significant interest among politicians to ensure a more widespread use of the system. This is in line with the pesticide reduction schemes implemented in Denmark for more than 20 years (Jørgensen and Kudsk 2006) .
CPO is used by nearly all Danish advisors (approximately 420) in the field of arable production, and approximately 3% of Danish farmers subscribe to the system. These user numbers have been fairly stable for approximately 10 years. It has often been discussed whether it would be possible to increase the number of farmers using the system. However, and unfortunately, this has proven to be very difficult. The main obstacle is the time-consuming field registrations, which are necessary for the models to calculate field-specific recommendations. Historically, it has proven difficult to stimulate farmers to use DSS (McCown 2002) . It has been shown previously that farmers have different expectations of decision-making tools depending on their styles of farming (Noe and Halberg 2002) .
The major objective of this paper is to summarise the state of the art in Denmark with respect to practical disease control in winter wheat. The paper gives examples of thresholds used in CPO and results from applying and validating the existing system. A sociological investigation with focus on the potential use and barriers to applying an existing decision support system like CPO is reported. Results from trials investigating possibilities of avoiding time-demanding field registrations are also presented. The results are discussed from both an agronomic and a socio-economic angle. The results are based on a project covering both weed and disease control in cereals in order to validate the potential from the DSS and other means of disseminating information. This paper focuses on elements concerned with disease control in cereals.
Methods

Agronomic evaluation of the system
Since the early development of CPO, control thresholds have been developed empirically and validated in field trials in order to investigate whether the recommendations given by the system are competitive with other fungicide recommendations. A total of 45 validation trials were carried out in winter wheat and 38 in spring barley distributed at different sites in Denmark which represent all relevant soil and climate conditions. The trials were conducted as standard field trials with four replicates and a randomised block design. The treatments applied in the CPO plots were based on weekly disease assessments in order to determine whether and when the disease thresholds were exceeded. Following the recommendations of different control strategies, disease assessments were carried out as per cent leaf area covered by each disease. Assessments were made at several growth stages, but the focus in this paper is on assessments carried out at approximately growth stage (GS) 75. The plots were harvested with a plot combine harvester. The dry matter content was measured, and the grain yield was corrected to 15% moisture content. The benefit from fungicide treatment is represented in terms of yield, with deduction made to cover the cost of fungicide and its application costs. A grain price of 750 DKK t −1 was used for the calculations.
Investigation of new approaches to CPO
During two seasons, a total of ten trials were carried out by the Danish Agricultural Advisory Service (DAAS) to compare the existing version of CPO with a new prototype, which, instead of using individual field information, relies on information from the national monitoring system using data from the nearest regional locality as a basis for assessing the need for control. The trials were carried out at ten sites in Denmark representing different soil types, climates and disease pressures. Disease assessments were all made as per cent leaf area covered by each disease. The plots were harvested with a plot combine harvester. The dry matter content was measured, and the grain yield was corrected to 15% moisture content. Both in validation trials and trials investigating the new approach to CPO, spraying was carried out with a plot sprayer at low pressure (2-3 bars) using flat fan nozzles and a water volume of 200-300 1 ha −1 .
Statistical analyses on the data were carried out using ANOVA, from which LSDs were calculated at the 95% confidence level.
Sociological investigation on farmers' decision process on crop protection
The sociological investigation was based on a questionnaire with 746 returns and four focus group interviews in order to understand how farmers make their decisions with respect to using pesticides, and to explore the barriers to a more extensive use of the present CPO.
The method used to identify and analyse for ideal types was previously described by Weber (1922) . The statistical technique used for analysing the questionnaire data was the categorical principal component analysis. Selected variables were used to construct a system of co-ordinates based on their inter-relationships. In this study, the procedure indicated three different types of decision-making strategies for arable farmers. Following this grouping, focus group interviews were carried out with farmers who had responded to the questionnaire in order to obtain a better understanding of the three types with respect to decision-making, actions and motivational logic. The exact classification of each decision-making strategy was made based on the characteristic ways in which the participants from each group made decisions. The method and the analyses of the data are described in further detail by Langvad and Noe (2006) and Jørgensen et al. (2007a) .
Results and discussion
Thresholds and cultivar ranking in wheat
Examples of the thresholds used in CPO for control of wind and splash-borne diseases in wheat are shown in Table 1 . The thresholds are based on many years of empirical work (Jørgensen et al. 1996) and are occasionally revised if new information becomes available. Examples of recent changes include incorporation of thresholds for new diseases such as tan spot (Drechslera tritici-repentis; Jørgensen and Olsen 2007), adjustments of the use of thresholds for control of powdery mildew (Blumeria graminis; Jørgensen and Pinnschmidt 2004) and adjustments of recommended doses and timing for the control of septoria leaf blotch (Septoria tritici; Henriksen et al. 2000) . In relation to future climate changes, the programme will probably need further adjustments if, for instance, brown rust (Puccinia triticina) becomes more common as an early epidemic disease.
Specifically, the lists of cultivars are updated every year including the latest ranking of the cultivars' susceptibility to different diseases. Growing cultivars with good disease resistance is the most important tool for trying to reduce the potential loss from disease in an integrated control strategy (Jørgensen et al. 2003a ). Major differences in resistance and response to fungicide application can be found between cultivars and therefore cultivar resistance is taken into consideration when the disease models in CPO are used. For each disease in wheat, all cultivars are divided into three groups according to their resistance level. This grouping influences the threshold and the doses recommended. The most commonly grown winter wheat cultivars in Denmark vary significantly in their resistance ranking for leaf diseases ( Table 2 ). The disease ranking for septoria leaf blotch, powdery mildew, yellow rust (Puccinia striiformis) and brown rust is based on national cultivar trials carried out at approximately 15 locations annually or specific small plot trials using artificial inoculation, as it is the case for yellow rust, tan spot and fusarium head blight (Fusarium spp.). The ranking of cultivars is updated annually by a standing committee to ensure that any changes in susceptibility are included in the database for cultivars as well as in CPO. The cultivar database (www. sortinfo.dk) is widely used by advisors and farmers as the system combines all relevant information on current and prospective cultivars including ranking for disease resistance and estimating the likely cost for fungicide treatments in an average year and cropping situation (Detlefsen and Jensen 2001) .
Agronomic evaluation of the system
Results from 38 spring barley trials and 45 winter wheat validation trials carried out in Denmark between 1998 and 2003 are summarised in Table 3. CPO was validated and compared to various standard treatments, which represent common practices using appropriate doses. In most cases, the standard treatments in wheat cover two to three treatments with a dose ranging from 25-50% of normal field rate per treatment. Half of the trials were carried out using 2× 33% of the standard label rate. In spring barley, a single or split treatment with effective fungicides was used for comparison. In split treatments, 2×25% of the normal label rate was used, and, when comparing with a single treatment 25-50% of the normal field rate was used. In both wheat and barley, strobilurins and triazoles were used alone or in mixtures. This was the case for both standard treatments and the treatments recommended by CPO. The results showed that the system gave similar or slightly better disease control and yield responses compared to standard treatments although differences were not statistically significant. Overall, the fungicide input was slightly lower compared with the standard treatments.
The optimal input with fungicides depends on the disease pressure and the climate in the individual season, but the susceptibility of the cultivar in particular plays a major role for the optimal input. The differences in margin between resistant and susceptible cultivars are largest in seasons with severe attacks of septoria leaf blotch and yellow rust (Jørgensen et al. 2003a ). The dose-response curves for ear treatments targeting control of septoria leaf blotch and yield responses have generally been very flat. The economic optimum in resistant cultivars was a TFI (treatment frequency index = number of standard dosages used) between 0.25 and 0.5. Most typically, only one ear application was profitable. On more susceptible cultivars, the optimum TFI was 0.5-0.9, and a two-spray programme gave more flexibility with regard to the dose needed at the second application (Jørgensen and Nielsen 2003b) .
Validation trials from the past eight years with fungicides in cereals indicated only a very limited and uncertain reduction potential in fungicide usage (Table 4) . The system offers a good opportunity to control disease only if a need can be identified. In general, the CPO recommendations for fungicide input are in agreement with the target figures envisaged by the pesticide action plan [2004] [2005] [2006] [2007] [2008] [2009] . During the past 20 years, a widespread use of reduced doses has led to a significant reduction in fungicide input in winter wheat (Fig. 1) . On average, the number of fungicide treatments per season in wheat is approximately two, and the average TFI of fungicides is 0.35 per treatment (Kleffmann-Farmstat 2005; Anon. 2006b).
Investigation of new introductions to CPO
The results from the ten trials showed quite similar results from using either recommendations from the present version of CPO or the prototype using regional disease data rather than individual field data (Table 5 ). In one case, the level of powdery mildew was much higher in the monitoring system compared to the level in the actual field where the trial was carried out. This led to an unnecessarily high input at that site. In the other nine trial sites, the input from the two models was very similar. Generally, the risk of not achieving the best result increases if individual field registrations are not carried out. However, the risk seems to be relatively small based on the ten trials carried out during two seasons compared with spraying routinely.
Based on the experiences from these trials and a wish to increase the farmers' direct use of the CPO, the plan is to develop the system in a way that integrates information from the national field database run by the advisory service with regional monitoring data and climatic information. The development of this system occurs initially in a closed group with advisors and farmers in order to investigate if the farmers will find it useful when making decisions on disease control. Further testing of the prototype should preferably be carried out over more seasons and under more variable disease pressure in order to verify the consistency of the system when direct field assessments are not made.
The sociological investigation
The sociological investigation of the farmers' way of making decisions in the area of crop protection identified three types of farmers: (a) system-orientated farmers, (b) experienced-based farmers and (c) advisory-orientated farmers. Several factors were found to illustrate some of the characteristics of the three types (Table 6 ). None of the three groups of farmers were prepared to carry out very detailed field investigations in order to adjust the input according to need in specific fields (Langvad and Noe 2006; Jørgensen et al. 2007b) .
System-orientated strategists generally do not rely on exact field assessments. They tend to manage bigger farms with specialised arable production and demand high levels of disease control. They often carry out treatments following a partially fixed strategic plan, which they have prepared in the winter. This plan is also used as a list for planning purchases of chemicals. Experienced-based strategists base their production on a close, personal knowledge of each individual field, substituting detailed disease assessments with continual more general observations of the fields. The farm size for this group is medium to low. Strategists, who contract their decision-making out to an advisor, i.e. the advisory-contracting decision makers, give higher priority to operations other than growing crops; often they have animal production as their major activity. Typically, they evaluate disease levels in study groups or together with the advisor, but they are not likely to operate a system like CPO alone. The present CPO prioritises a specific economic value rationale of cost savings by reducing input of pesticides. This strategy and value rationale is different from that of all the three identified groups of farmers. CPO has to be viewed to a greater extent from the end-user's perspective rather than from the perspective of the scientist who developed the systems. An interesting phenomenon was found in the way most farmers view the risks of disease. In practice, this proved to be more closely linked with the risk of possible disruption of their management system, whether in the form of extra work, aesthetically negative consequences (e.g. from lodging or early senescence) or incidents of unacceptably low yields.
Although there is much confidence in the technical content of CPO, the sociological study showed that CPO does not fit in with many farmers' decision strategies. For most farms, crop protection is only a small part of the continuous flow of operations and decision-making made on farms. Decisions on crop protection are not based on isolated economic considerations, but are coupled with a number of other considerations and circumstances including the farm: machinery, manpower, task planning, etc.
The farmer study also provided specific suggestions for improving the system, for example connecting CPO to other computer systems used by the farmers, using CPO to a larger extent in the planning phase and independently of the time of season and giving a larger degree of varied answers that among other things include crop rotations.
Potential use
An increased distribution of CPO depends on the user interface and on the functionality of CPO being targeted to a larger extent at the individual decision strategies. The investigation suggests that DSS have a potential use by approximately 30% of target users for this kind of tool. This would, however, require that the end-users should be very actively involved in future development processes. The main obstacle to more frequent use is the time-consuming field registrations, which are necessary for the models to calculate field-specific recommendations.
CPO is used among wholesalers and distributors to a limited extent. This group has, however, generally a relatively low impact on the recommendations used by the farmers. Farmers have a long tradition for using information and recommendations given by their own independent DAAS. CPO including both the weed and disease system is broadly supported by the chemical industry. The industry partly supports the research behind the system and typically sees the system as a means of applying and supporting IPM strategies.
The models in CPO have been tested, adjusted and exported to other countries (e.g. Latvia, Lithuania and Poland). This work has underlined the importance of good cooperation between researchers and local advisory services, and the importance of models that are well documented and not too complex. The work has also illustrated that models cannot be transferred directly to new agro-ecological regions but need to be tested and adapted to local regional cropping situations (Bankina and Priekule 2003; Czembor et al. 2003; Semaskiene et al. 2003) .
Conclusion
Scientists generate highly complex knowledge as a basis for developing models in the area of crop protection and pesticide use. However, the information does not always reach farmers as it is presented in a way that does not correspond with the way things are done in practice. Economic analysis of historical trial data shows that CPO models give acceptable recommendations. DSS have proven to be useful tools when pesticide use has to be optimised. This includes spraying only when economic thresholds have been exceeded. Generally, the DSS CPO is valued and trusted for its information, and is widely used by advisors and as a learning tool for students. Often, information given in newsletters to farmers is based on output from the system and as such the indirect use of the system is high. Direct use of DSS by farmers is, however, so far relatively low because the system is not in line with the way most farmers manage their crop protection.
The potential for further reductions in fungicide use in cereals is relatively small in Denmark as a major reduction took place in the 1990s. A major barrier is therefore the lack of economic incentives to change from today's standard treatments. Another major obstacle is the requirement to carry out field registration as part of using the system. Many farmers do not find this practicable. This is at least in part linked to the fact that farm sizes are getting larger, leaving less time for decision making at the individual field level. Despite the relatively low use of fungicides in cereals in Denmark, there is still a tendency for farmers to overestimate the risk of disease and therefore to use a dose that is too high or to apply an extra spray. Farmers are generally risk-adverse and concerned about unintended disruption of their management system. They tend to partly overreact, as they are not prepared to risk crop failure or large economic loss due to diseases.
In future developments of CPO, it is recommended that farmers' decision-making practice and their reasoning logic should be addressed. Farmers cannot be considered to be a homogenous group and therefore it is naive to believe that one system will fit all farmers. It is therefore important to acknowledge the major differences and develop different approaches for supporting farmers' crop protection activities. On the basis of our studies it has become evident that a large proportion of arable farmers cannot be reached via CPO directly. To target these other groups, appropriate recommendations based on seasonal variation in disease pressure have proven to be reliable with respect to both disease control and yield. These recommendations are typically given through the DAAS.
